Abstract Salvia macilenta is a member of the genus Salvia (Laminaceae) whose antioxidant activity and neuroprotective effect has been shown previously. The present study aimed to examine the antiglycating and antiapoptotic abilities of methanolic extract of this plant. Moreover, the effect of S. macilenta on neurite outgrowth and complexity after exposure to H 2 O 2 has been studied. Base on our results, S. macilenta has antiglycating activity and protects PC12 cells against oxidative stress-induced apoptotic cell death, as examined by Hoechst staining and Western blot analysis of caspase-3, Bax, Bcl-2 and PARP. We further showed that S. macilenta decreased neurite growth and complexity impairment in differentiated PC12 cells exposed to oxidative stress. It caused a decrease in cell body area, neurite width, and the proportion of bipolar cells, while significantly increasing neurite length, the number of primary neurites per cell and the ratio of nodes to primary neuritis. All around, the mentioned results open a new horizon for future works to use this plant as a potential neuroprotective agent.
Introduction
The overproduction of reactive oxygen species (ROS) mediates damage to cell structures, nucleic acids, lipids, and proteins (Valko et al. 2007 ). These harmful biological effects of ROS are termed oxidative stress. Free radical-mediated oxidative stress leads to pathological conditions and is implicated in a variety of neurodegenerative diseases as well as in the aging process (Bokov et al. 2004; Gibson and Huang 2005; Scott and King 2004; Yu and Chung 2001) . Hydrogen peroxide (H 2 O 2 ), formed as a natural byproduct of enzymatic oxidase action, is an endogenous source of hydroxyl free radicals that contributes to the basal level of cellular oxidative stress (Halliwell 1992; Richardson et al. 1992) . Exogenous H 2 O 2 can elevate oxidative stress beyond the protective capacity of endogenous antioxidant defenses and induce apoptotic cell death by initiating mitochondrial dysfunction (Maroto and Perez-Polo 1997; Tong and Perez-Polo 1996) , which is associated with changes in the Bcl-2 family of proteins and activation of caspases. Therefore, H 2 O 2 is used extensively as an inducer of neuronal injury to explore the neuroprotective potential of new pharmacotherapies. Moreover, the formation of advanced glycation end products (AGEs) resulting from the non-enzymatic reactions of carbohydrates and oxidized lipids with proteins are stimulated by oxidative stress that is closely linked with the neurodegenerative disorders of the central nervous system, such as Alzheimer's disease (AD). Given the link between glycation, oxidation and neurodegenerative disorders, we hypothesized that natural compounds with antioxidant and antiglycation properties may be expected to be promising therapeutic means for treatment of these diseases in which oxidative stress is a primary cause (Lim et al. 2001) . On the other hand, oxidative stress is a factor which is contributing to neuritic degeneration cascades in AD as well as cell death. So finding natural compounds that support neurite outgrowth against the toxicity of H 2 O 2 is also a key in treating neurodegenerative diseases.
The plant genus Salvia (Laminaceae) includes nearly 900 species spread throughout the world, of which 17 are endemic to Iran (Mozafarian 1996) . Plants belonging to this genus are pharmacologically active and have been used in folk medicine all around the world. The phytochemical analysis of Salvia species shows the presence of many compounds that belong mainly to the group of phenolic acids, phenolic glycosides, flavonoids, anthocyanins, coumarins, polysaccharides, sterols, terpenoids and essential oils (Lu and Foo 2002; Ghannadi et al. 1999) . Via these compounds, especially phenols and flavonoids, this genus possesses a wide array of biological activities. Many Salvia species and their isolated constituents possess significant antioxidant activities in enzyme-dependent and enzyme-independent systems (Hohmann et al. 1999; Zupkó et al. 2001; Asadi et al. 2011) . Also, they have been introduced as antimutagenic, antibacterial, antiviral and anti-inflammatory agents (Senevirathne et al. 2006) . Some other members of this genus have revealed, antimicrobial, antithrombotic, antimutagenic and anticarcinogenic activities (Cook and Samman 1996; Cushnie and Lamb 2005) .
Salvia macilenta is one member of this large genus whose total phenolic (326 ± 20) and flavonoid (185 ± 32) compounds have been determined. This antioxidant activity and neuroprotective effect of the plant have been reported recently by our laboratory (Asadi et al. 2010) . The aim of the present study was to examine its antiglycation activity and anti-apoptotic effect, based on an in vitro model system using nerve growth factor (NGF)-differentiated PC12 cells.
Materials and methods

Plant material
Salvia macilenta was collected from Hajiabad, Bandar Abbas in Iran (June 2001; Voucher herbarium specimen : MPH-56), by Dr. Sonboli (Department of Biology, Medicinal Plants and Drugs Research Institute, Shahid Beheshti University, Tehran, Iran). The plant was air-dried, protected from direct sunlight, and then powdered. Powdered plant (50 g) was extracted four times with methanol at room temperature overnight. The methanolic extract was combined and concentrated under reduced pressure on a rotary evaporator, filtered and then lyophilized.
The plant powder was dissolved in distilled water to use for all assays (Asadi et al. 2010 ).
Detection of hydroxyl radicals generated by sugar autoxidation
The scavenging capacity for hydroxyl radical was measured according to the method of Hunt et al. (1988) . Briefly, different concentrations of S. macilenta extract (10-100 lg/ml) were incubated with sodium benzoate (1 mM; Sigma Aldrich, 18106), potassium phosphate buffer (100 mM, pH 7.2), fructose (100 mM), and CuSO 4 (0.1 mM; Sigma Aldrich, 451657) for 4 days at 37°C. The hydroxylation of benzoate by auto oxidation of fructose (100 mM) in the presence of transition metal (Cu 2?
) was determined by fluorescence measurement (excitation and emission maxima of 308 and 410 nm, respectively).
Total AGEs and pentosidine fluorescence measurement
In an in vitro system, we produced AGEs by a method previously described (Sharma et al. 2002) . Pentosidine is a highly fluorescent AGE product which is a protein crosslink between arginine and lysine residues. Briefly, BSA (10 mg/ml, fatty acid free) was modified in vitro at 37°C by the reducing sugar, fructose (100 mM). All incubations were carried out in 0.2 M phosphate buffer, pH 7.4, in the absence and presence of different concentrations of S. macilenta extract (10-100 lg/ml) and 1 mM aminoguanidine (AG; Sigma Aldrich, 109266) as a positive control and contained 3 mM sodium azide to prevent bacterial contaminations.
Samples were taken at 14 days and dialyzed extensively against phosphate buffer to remove unbound sugar, and any other impurities. To detect total AGEs and pentosidine content, Varian Cary Eclipse spectrofluorometer was used and the fluorescence intensities were measured at the excitation/emission wavelengths of 370/440 and 335/385 nm, respectively.
Determination of fibrillar state with thioflavin T The fibrillar state of the incubated BSA was determined via (thioflavin T) ThT (Sigma Aldrich, T3516), a reagent that is used for detecting the b-sheet configuration in proteins (Schmitt et al. 2005) . ThT interacts with the fibrillar structure of proteins. This interaction intensifies the fluorescence, so the amyloid fibril structures in proteins could be detected. The fluorescence of BSA (0.2 mg/ml) and ThT reagent (10 lM) in phosphate buffer (100 mM, pH 7.4) was measured at 25°C at the excitation/emission wavelengths of 450/490 nm.
Cell culture and plant extract treatment Undifferentiated Rat pheochromocytoma (PC12) cells were maintained in high glucose DMEM (Invitrogen, Carlsbad, CA, USA, 52100-039) supplemented with 5 % fetal bovine serum, 10 % horse serum and 1 % antibiotic mixture comprising penicillin-streptomycin (100 U/ml of penicillin and 100 lg/ml of streptomycin) at 37°C under 95 % O 2 and 5 % CO 2 . PC12 cells (3 9 10 6 cells) were grown in 75 cm 2 culture flasks (Orange Scientific, Braine-l'Alleud, Belgium) and differentiated by using NGF (Sigma Aldrich, N8133; 50 ng/ml) every other day for 6 days. To study the effects of plant extract on differentiated PC12 cells, cells were preincubated with S. macilenta at different concentrations (10, 25, 50 and 100 lg/ml) for 24 h, then H 2 O 2 (150 lM) was added to the medium for 24 h.
Hoechst staining PC12 cells were stained with Hoechst 33342 dye to evaluate apoptosis (Lotharius et al. 1999 ). The cells were cultured in a 6-well plate (3 9 10 5 cells per well) and on the next day plant extract (10, 25, 50 and 100 lg/ml) was added and incubated for 24 h, followed by treatment of H 2 O 2 (150 lM) as an oxidative agent. After 24 h incubation, the cells were harvested and washed three times with PBS and the final suspension (1 9 10 6 cells/ml) was incubated with Hoechst 33342 (1 lg/ml) (Invitrogen, H3570) for 5 min at room temperature. After incubation, a drop containing cells was splattered on the glass slide and a plastic cover slip was placed over the drop of PBS. Nuclei were visualized using an Olympus microscope.
Western blot analysis
After 24 h exposure to H 2 O 2 , the cells were washed with PBS and lysed by homogenizing buffer containing complete protease inhibitor cocktail. Protein concentrations were determined according to Bradford's method (Bradford 1976) . Then, the same concentration of protein in each sample was loaded onto a 12 % gradient gel and was electrophoresed at 120 V. Following electrophoresis, proteins from the gel were transferred to polyvinylidene fluoride membrane (Millipore (Billerica, MA, USA), IPVH00010); membrane was blocked in 5 % powdered nonfat milk solution. The membrane firstly was probed with specific primary antibodies including Bax (Cell Signaling Technologies (Danvers, MA, USA), #2772), Bcl-2 (Cell Signaling, #2876), Caspase-3 (Cell Signaling, #9665), Poly (ADP-ribose) polymerase (PARP; Cell Signaling, #9542) and b-actin (Cell Signaling, #2772; 1:1,000 dilution) for 16 h at 4°C and then was covered with horseradish peroxidaseconjugated secondary antibody (Cell Signaling, #7074) at room temperature (1:3,000 dilution) for 1.5 h. Finally, the blot was incubated with enhanced ElectroChemiLuminescence (ECL) reagents (Amersham Bioscience (Piscataway, NJ, USA), RPN2132) and expose to X-ray films. Quantification of the results was performed by densitometric scan of films. Data analysis was done by Image.J, measuring integrated density of bands after background subtraction.
Morphological analysis of differentiated PC12 cells PC12 cells were cultured in a 6-well plate (10 5 cells per well) and treated by different concentration of plant extract (10, 25, 50 and 100 lg/ml) for 24 h, followed by incubation with H 2 O 2 (150 lM) for 24 h. Three images were taken randomly from each well. To determine the effect of S. macilenta on cell morphology, at least 50 cells were selected and analyzed by using CellˆA program. The cells to be analyzed should have 2 characters: the cell body had to be within the field of view and also distinct from the neighboring cell bodies. Their cell body area, average neurite length and average neurite width were measured in lm 2 or lm, and number of primary neuritis and bipolar morphology were counted. Cell body area was defined as the area of the cell exclusive of neurite processes. To calculate the neurite length, lengths of the primary process and all associated branches were summed. To establish the average neurite width, the outlines of individual primary neurites were traced, the area calculated and then divided by the length of the neurite. Primary neurites were defined as clear protrusions from the cell body greater than 10 lm length. Cells were considered ''bipolar'' if they displayed a cell body with one process at either end. To evaluate neurite networks, images were analyzed using the cell counter plugin to score all branching nodes in each image. Nodes were defined as sites at which individual neurites branched or separate neurites contacted each other (Frankel et al. 2009 ). All measurements expressed as proportions used the number of cells displaying the characteristic as a sub-population of the total number of cells that met the selection criteria described above.
Statistical analysis
All data are represented as the mean ± S.E.M. (Standard Deviation) and processed by commercially available software GraphPad Prism Ò 5.0. Comparison between groups was made by one-way analysis of variance (ANOVA) followed by an appropriate post hoc test (Newman-Keuls test) to analyze the difference. The statistical significances were achieved when P \ 0.05 (* or # P \ 0.05, ** or ## P \ 0.01 and *** or ### P \ 0.001).
Results
Salvia macilenta has hydroxyl radical scavenging capacity
The effect of different concentrations of plant extract (10, 25, 50 and 100 lg/ml) is shown in Fig. 1 . The decrease in benzoate hydroxylation correlates with the hydroxyl radical scavenging activity of the extract. An increase in the concentration of extract was associated with lower values of hydroxylated benzoate.
Salvia macilenta shows antiglycation activity
The formation of total AGEs and the inhibitory effect of plant extract were assessed by monitoring the production of fluorescent products. As shown in Fig. 2 , the fluorescence intensity of total AGEs highly increased through the incubation of BSA with fructose. As it is evident all different concentrations of S. macilenta have significantly quenched the fluorescence and its activity at 100 lg/ml was comparable to the effect of 1 mM AG, a known inhibitor of the glycation process. Figure 2 shows the inhibitory effect of S. macilenta extract on pentosidine formation in BSA incubated with fructose at 37°C. Plant extract at different concentrations (10, 25, 50 and 100 lg/ml) significantly decreased the fluorescence intensity in a dosedependent manner and in agreement with the result obtained from AGEs measurements. The inhibitory effect of this plant on pentosidine formation was strong and comparable to the effect of 1 mM AG solution.
To determine the fibrillar state, thioflavin T was used. As shown in Fig. 2C , in the group of fructated Fig. 1 Inhibitory effect of S. macilenta extract on hydroxyl radical generation induced by fructose autoxidation in the presence of transition metals. Each value is expressed as mean ± S.E.M (n = 3). *P \ 0.05; **P \ 0.01 significantly different from BSA ? fructose BSA, the fibrillar state enhanced compared to BSA group, while S. macilenta extract significantly inhibited fibrillar structure formation at the concentrations more than 10 lg/ml.
Salvia macilenta modulates apoptotic factors in PC12 cells
In the previous study, we found that S. macilenta has the neuroprotective effect on H 2 O 2 -induced cell death. In this evaluation to determine the type of cell death, Hoechst 33342 was applied to detect apoptotic nuclei. Hoechst staining showed that DNA fragmentation and condensation of chromatin, which cause bright fluorescence, decreased in the presence of different concentrations of plant extract (10, 25, 50 and 100 lg/ml), compared to H 2 O 2 -treated cells (Fig. 3a, b) . Also, S. macilenta (100 lg/ml) had no toxic effect, when compared to control cells.
Since we wished to investigate the possible antiapoptotic effect of S. macilenta on H 2 O 2 -induced cell death, the protein levels of Bax, Bcl-2, cleaved caspase-3 and PARP-1 were determined using western blot analysis. Caspases are major players of apoptotic cell death. Activated caspase-3 is one of the factors responsible for triggering apoptosis. The Bax/Bcl-2 ratio in H 2 O 2 -exposed cells that pretreated with S. macilenta, as well as cleavage of caspase-3 (Fig. 3c-e) , were reduced compared to the H 2 O 2 -treated cells, demonstrating the ability of S. macilenta to suppress the caspase-dependent apoptotic cascade. In addition, the level of cleaved PARP decreased in the presence of S. macilenta (Fig. 3f, g ). The densities of Procaspase-3, caspase-3 and Bax: Bcl-2 ratio are measured, the ratios to b-actin are calculated. f, g The level of PARP is evaluated in the presence and absence of S. macilenta extract in PC12 cells pretreated for 24 h and then exposed to H 2 O 2 for 24 h. Each value indicates the mean ± S.E.M. from three independent experiments (biological replicates) and three replicates (technical replicates) (n = 3). **P \ 0.01 significantly different from control cells. (150 lM; Fig. 4a ). As shown in Fig. 4b , average cell body area which was defined as the area of the cell exclusive of neurite processes, enhanced in H 2 O 2 exposed cultures, compared to control cultures, whereas pretreatment of cells with S. macilenta significantly caused a decrease in cell body area. Accordingly, as shown in Fig. 4c , S. macilenta significantly increased neurite length that is the summation of the lengths of the primary process and all associated branches. In the same situation neurite width that is the division of the area of individual primary neurite by the length of the neurite decreased (Fig. 4d) , compared to H 2 O 2 -treated cells.
Specific parameters of morphological complexity were measured as well. The number of primary neurites ([10 lm) emanating from individual cell bodies was measured as one of the most important parameters. As shown in Fig. 4e , the number of primary neurites per cell body decreased in H 2 O 2 -treated cells. In contrast, the proportion of cells with the very simple bipolar morphology of the cell body and only two neurites increased in H 2 O 2 -treated cells, when compared to control cultures (Fig. 4f) . Pretreatment of cells with S. macilenta significantly and dose-dependently increased the number of neurites per cell, and thus decreased the proportion of bipolar cells (Fig. 4e, f) . As the last parameter, we calculated the ratio of total neurite branching nodes to total number of primary neuritis. As shown in Fig. 4g , the ratio of nodes to primary neuritis decreased in H 2 O 2 -treated cells, whereas S. macilenta enhanced this ratio significantly.
Discussion
Oxidative stress cascades, including attack from ROS and deficiency in intracellular antioxidative defense is involved in a variety of human diseases such as AD which may be caused by intracellular oxidative damage to biomolecules via ROS. Minimizing the cellular redox imbalance may be one of the most important approaches for the prevention of this agingassociated disease. So intake of natural antioxidants, that are able to scavenge free radicals, might serve as a feasible method to augment the antioxidant capacity and protect cells from oxidative damage (Bub et al. 2003) . Previous studies showed that plants have the ability of free radical scavenging because of containing different groups of phenolic compounds, including simple phenolics, phenolic acids, anthocyanins, hydroxycinnamic acid derivatives and flavonoids (Bandoniene and Murkovic 2002) . The genus Salvia (Laminaceae) is one example which includes nearly 900 species spread throughout the world. Many Salvia species have antiapoptotic effects in an in vitro and in vivo model Khodagholi and Ashabi 2013) . Asadi et al. showed in an in vitro model that Salvia extracts increased enzymatic antioxidant defense such as superoxide dismutase and catalase, and improved enzyme-independent systems such as glutathione . We have shown previously that S. macilenta which belongs to this genus has antioxidant activity and shows neuroprotective effects against H 2 O 2 -induced cell death. In the current study we investigated the antiglycating activity and anti-apoptotic effect of this plant. We further evaluated its effect on H 2 O 2 -induced impairment of neurite outgrowth.
Non-enzymatic glycation of proteins which leads to formation of AGE is a process that impairs the function of biomolecules and leads to a variety of endocrine disorders. Halliwell showed that AGE formation is stimulated by free radicals (Halliwell 2001) . On another side, large amounts of ROS are produced at many steps of the parallel and sequential glycation cascade (Li et al. 2007) . Eventually this may lead to oxidative stress and a variety of degenerative diseases. So finding AGE inhibitors is a way to go against this kind of diseases. Different studies showed that some plant-derived agents have antiglycation activity such as phenolic compounds (Tsuji-Naito et al. 2009; Choudhary et al. 2010) . Moreover, phenolics, particularly flavonoids, are responsible for the anti-glycation activity of herbal infusions (Ho et al. 2010) . Some reports showed the antiglycating activity of some members of Salvia genus Asadi et al. 2011 ) and interestingly, we found S. macilenta as an antiglycating plant via phenolic and flavonoid compounds.
As we mentioned previously (Asadi et al. 2010 ), this plant protects PC12 cells against H 2 O 2 toxicity. To clarify this ability, we cultured PC12 cells and treated them with H 2 O 2 as an inducer of apoptosis in this cell line (Satoh et al. 1997) . Hoechst staining showed that S. macilenta has neuroprotective effects against H 2 O 2 -induced apoptotic cell death in a dosedependent manner, which was confirmed by western blot analyses of main apoptotic factors as well. Many studies showed H 2 O 2 induces apoptotic cell death by initiating mitochondrial dysfunction (Maroto and Perez-Polo 1997; Tong and Perez-Polo 1996) that is associated with changes in the Bcl-2 family of proteins and activation of caspases. Therefore, we analyzed Bax and Bcl-2, two proteins affecting caspase-dependent apoptotic pathway, and found that S. macilenta could decrease Bax/Bcl-2 ratio significantly. In the following, we focused on caspase-3 cleavage and the caspase-3 substrate PARP and detected that this plant could decrease activated caspase-3 and cleaved PARP.
Besides, S. macilenta not only increases cell viability (Asadi et al. 2010) , but also protects the cells against impairment of neurite out growth. Once neurons begin to aggregate into recognizable structures, and sometimes even before, they begin to extend elongated, membrane-enclosed protrusions of cytoplasm that are called ''processes'' or ''neurites''. These neurites grow towards other regions of the nervous system or other structures on which the neurons will eventually form synapses. Since the proper functioning of the nervous system depends on the formation of proper connections, the factors which cause disruption in neurite outgrowth may lead to many problems, including neurodegeneration. Oxidative stress is also the major culprit in neuronal death observed in AD (Choi 1995) which is primarily a disorder of aging with loss of cognitive function. Neurite outgrowth in cultured neurons is considered as a symptom of neuroregenerative potential (Ng et al. 1996) . Therefore, finding compounds that support neurite outgrowth against the toxicity of H 2 O 2 is a key element in treating neurodegenerative diseases. In the present study, we found that H 2 O 2 decreased neurite outgrowth and complexity, while S. macilenta improves them. Hence S. macilenta's potential to aid neurite outgrowth may open a new horizon for more studies.
Taken together, our present study demonstrates the antioxidant and antiglycation effects of S. macilenta. This plant inhibits H 2 O 2 -induced apoptotic cell death and attenuates neurite outgrowth and complexity disruption. Whether this neuroprotective effect can be observed in rat model of AD, is still matter of question and is now in progress in our laboratory.
